The third WW domain (WW3*) of the ubiquitin ligase human neuronal precursor cell expressed developmentally downregulated gene 4-1 (hNedd4-1) was reported to bind its PY motif peptide by a coupled folding-binding equilibrium. However, it is unknown whether these thermodynamic properties are retained in the context of neighboring hNedd4-1 domains. In this report, NMR data show that the WW3* displays a fold-unfold equilibrium in the presence of neighboring WW domains, and that similar fold-unfold equilibria also likely exist for neighboring WW domains. These equilibria are quenched upon interaction with peptide. Thus, the binding mechanism of hNedd4-1 WW domains to proteins involves coupled folding and binding equilibria, and this mechanism may be a general feature that modulates peptide affinities of WW domains.
WW domains are protein interaction modules of [38] [39] [40] residues that have two conserved tryptophans and an invariant proline [1] [2] [3] . These small domains are present in eukaryotic signaling and structural proteins, and function by mediating protein-protein interactions in cell signaling networks. Structures of WW domains in complex with their cognate peptides show that the first tryptophan and the invariant proline are important for domain stability, whereas the second tryptophan is essential for peptide recognition and is one of two conserved aromatic residues that form the hydrophobic 'XP pocket' that binds a conserved proline in proline-rich motifs recognized by WW domains [4] [5] [6] [7] [8] [9] . WW domains adopt a three-stranded twisted antiparallel b-sheet fold, but fall into five different classes because they recognize different proline-rich motifs [10] .
The human Nedd4-1 (neuronal precursor cell expressed developmentally downregulated gene 4-1) WW domains bind PY motif peptides with a consensus sequence of L/PPxY and are members of class I WW domains [11] . The domain architecture of human Nedd4-1 (hNedd4-1) includes an N-terminal C2 domain that binds Ca 2+ and phospholipids, a central region composed of four WW domains that are responsible for the recognition of substrates and a C-terminal HECT ubiquitin ligase domain [12] (Fig. 1A) . Although the four hNedd4-1 WW domains show high sequence similarity (~65%; Fig. 1B ), the WW domains bind PY motifs of target proteins with different affinities, with the third WW domain (WW3*, where the asterisk designates a WW domain with high affinity for targets [5] ) showing the highest affinity [13, 14] . This high degree of sequence similarity and differing affinities of WW domains extends to other species, including rat, mouse, Drosophila and Xenopus Nedd4 isoforms [15] . Therefore, it has been proposed that peptide recognition by WW domains is driven by additional factors other than solely chemical complementarity [15] .
By quantifying chemical exchange contributions (R ex ) to the transverse relaxation rates (R 2 ) with 1 H and 15 N Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion (RD) experiments, we have shown that the apo state of the isolated hNedd4-1 WW3* domain (residues 419-458, numbering according to NCBI sequence entry NM_006154.3) undergoes significant chemical exchange due to an equilibrium between the natively folded peptide binding competent state and a random coil-like denatured state [16] . Moreover, CD thermal unfolding analysis combined with the RD results revealed that the unfolded state is populated to $ 20% at 37°C [16] . This unfolded population is quenched upon binding the human alpha-subunit epithelial Na + channel (a-hENaC) PY motif peptide, demonstrating that a high gain in enthalpy upon ligand binding is required to compensate for loss of conformational entropy. Similar R ex contributions to 15 N transverse relaxation rates and observed line-broadening in NMR spectra were observed for class I WW tandem domains from yes kinase-associated protein 2 (YAP2), transcriptional coactivator with a PDZ-binding domain 2 (TAZ2) and Suppressor of deltex [17, 18] ; however, interpretation of these R ex contributions was not given and whether these chemical exchange processes are quenched upon peptide binding was not examined. Nonetheless, studies have shown that peptide binding to WW domains does promote domain folding and stability [19] [20] [21] , and these observations indicate that WW domains may function in coupled folding-binding equilibria and that lack of a stable fold does not equate to lost activity.
The low stability and folding energy barrier observed for the isolated Nedd4-1 WW3* domain might be crucial for self-regulation of Nedd4-1; however, whether such thermodynamic properties are retained in the context of neighboring domains is unknown. In this study, we have examined the dynamic state of Nedd4-1 multi-WW domain constructs by NMR spectroscopy. The apo state of WW3* was found to show large R ex contributions to R 2 when adjacent WW domains were present, and these contributions were quenched upon peptide interaction. In addition, resonances arising from WW2 and WW4 domains also displayed significant line broadening due to chemical exchange that was absent in spectra of the protein-peptide complex. Thus, the mechanism of peptide binding and affinity of the Nedd4-1 WW domains appears to involve coupled folding and binding equilibria, and this mechanism could be a general feature that facilitates rapid switching of interactions in dynamic signaling networks.
Materials and methods

Cloning, expression, and purification of the WW constructs
The open reading frames corresponding to the WW2-WW3* (residues 345-458, according to NCBI sequence entry NM_006154.3), WW3*-WW4 (419-510) and WW2-WW3*-WW4 (345-510) domains from hNedd4-1 were synthesized by Thermo Scientific (Darmstadt, Germany) and [40] . Amino acids are colored as nonpolar (yellow), polar (green), acidic (red), and basic (blue), and the conserved tryptophans are black. Asterisks, colons, and periods below the WW domain sequences indicate fully conserved residues across all four WW domains, conservation between groups of strongly similar properties and conservation between groups of weakly similar properties respectively. Pairwise identities range between 35 and 65%. Sequence identity across all four WW domains is 32% (11/34), whereas sequence similarity is 65% (22/34). The secondary structure is above the sequence alignment. Sequence numbering is according to NCBI sequence entry NM_006154.3. Figure 1B was N HSQC experiments were recorded with data matrices of 128 9 1024 complex data points with acquisition times of 65.8 (t N ) and 106.5 ms (t HN ). Datasets were processed using NMRPIPE [25] and analyzed using CcpNMR Analysis [26] . For analysis of the linewidths, the spectra were processed using forwardbackward linear prediction to double resolution in the indirect dimension followed by applying exponential decay window functions with line-broadening of 4 N linewidths at full-width-at-halfheight were fitted by 2D TITAN analysis [27] . Chemical shift differences between resonances of the isolated WW3* domain and residues in the WW3* domain in the context of tandem domain constructs are reported as the weighted average chemical shift differences, Dd av ¼ ½ðDd
1=2 [28] . 15 N transverse relaxation rate (R 2 ) experiments were acquired using a modified CPMG sequence [29] . The 
Results and Discussion
The WW3* domain of Nedd4-1 does not interact with its neighboring WW domains and peptide binding to WW3* is independent of the neighboring WW domains
We have reported previously 1 HN and 15 N chemical shift assignments of the isolated WW3* domain in the absence and presence of the a-hENaC peptide (Fig. S1 ) [30] . Using these chemical shift assignment data of the isolated hNedd4-1 WW3* domain [30] combined with an overlay of 2D (Fig. 3) . Most of the larger Dd av are observed for residues located at the termini of the hNedd4-1 WW3* domain, because these residues are in close proximity to each other in the isolated WW3* structure, whereas they adjoin and likely form part of the linkers in the multi-WW domain structures and thus adopt different conformations to that observed in the isolated WW3* domain. In particular, possible disruption of the single helix turn in the WW3* structure involving residues P452, R453, L454, and K455 due to the presence of the linker and WW4 may explain the in Fig. 3A ,B,C, and D, respectively) observed for resonances representing residues that form the core b-sheet structure (L423-P452) shows that any association of the WW3* domain with WW2 or WW4 is weak. The absence of interdomain interactions has also been observed for a number of NMR-solved tandem domain structures [20, 31] N HSQC spectra of hNedd4-1 apo-WW3*-WW4 ( Fig. 2A) and apo-WW2-WW3* (Fig. S2A) showed that many resonances had extensive line broadening at 25°C, which is attributed to chemical exchange processes on the ls to ms time scale. On a well-shimmed modern NMR spectrometer linewidths of resonances arising from nuclei of a globular protein are dominated by R 2 , including any chemical exchange contributions (i.e., R ex ) to R 2 . Thus, using the available 2D [27] , it is reasonable to hypothesize that the linewidth analysis presented shows that WW2 and WW4 also exist in fold-unfold equilibria. An in-depth analysis of these processes for each WW domain represents a worthy study, but is beyond the scope of this work.
To quantify the 15 N R 2 values more accurately, 15 N R 2 CPMG relaxation experiments were recorded at 25°C on the three hNedd4-1 multi-WW domain constructs in the absence and presence of the a-hENaC peptide, and the results compared with those for the isolated WW3* domain (Fig. 4A) [16] . Thirty, 29 and 9 15 N R 2 values of the possible 36 nonproline residues in the WW3* domain were determined for the apostates of hNedd4-1 WW2-WW3*, WW3*-WW4, and WW2-WW3*-WW4 respectively (Fig. 4 , Table S1 ). (Fig. 4, Table S1 ). Clearly, the 15 N R 2 values for residues in the apo-WW3* of all three constructs show much wider distributions and higher rates when compared with the corresponding R 2 values in the presence of the ahENaC peptide. The magnitude and global spread of the R ex contributions to R 2 for all apo samples suggests that a similar fold-unfold equilibrium exists for the WW3* domain in the context of the multi-WW domain constructs. This is corroborated by plotting the R 2 values of the isolated WW3* domain against the corresponding R 2 values determined for the tandem WW domain constructs (Fig. S8) . The strong correlations observed in Fig. S8 clearly suggest that the same chemical exchange process observed for the isolated apo-WW3* domain is also observed for the WW3* domain in the tandem WW constructs. As observed for the isolated WW3* domain (Fig. 4A) [16] , addition of the a-hENaC peptide quenched R ex contributions to the R 2 values for the multi-WW domain constructs. Thus, the fold-unfold equilibrium of the WW3* domain exists in the presence of neighboring WW domains; however, a more in-depth NMR study will be necessary to determine whether the kinetics (exchange rate) and thermodynamics (relative populations) of this equilibrium have changed because of neighboring WW domains.
Residue specific R 2 values for amide groups in WW2 and WW4 could not be determined because Table 2 ). These observations consolidate the aforementioned hypothesis that both WW2 and WW4 exist in fold-unfold equilibria, and further analysis should reveal both thermodynamic and kinetic details of these equilibria.
Comparison of the reported 〈R 2 〉 (Table 2) for the isolated WW3* domain with the 〈R 2 〉 for WW3* in WW3*-WW4 shows that the rates are faster in the tandem domain construct, especially for the apo-state. Since there is no clear evidence of domain-domain interactions from the chemical shift perturbation data using a monovalent PY motif ligand (Fig. 3) , the observed slower rates suggest that the 19 residue linker between WW3* and WW4 domains is not of sufficient length to allow independent rotational diffusion, and long-range ordering persists in this protein that lead to slower correlation times of WW3* in WW3*-WW4 when compared with that of the isolated WW3* domain. A similar interdomain dependency to rotational diffusion has been made for tandem GB1 domains where independent diffusion is increasingly perturbed and restricted by the neighboring domain as the linker length decreases [33] . In addition, the linker may adopt a fixed conformation that gives interdomain rotational diffusion dependency; however, other tandem WW domain studies indicate that linkers of similar length (12-28 amino acids) are flexible in the presence and absence of the ligand [18, 20, 34] .
In contrast with the WW3*-WW4 results, the 〈R 2 〉 values for WW3* in the WW2-WW3* are similar to those reported for the isolated WW3* domain ( Table 2 ). The small difference in 〈R 2 〉 values highlights that the 40 residue linker between WW2-WW3* is of sufficient length and flexibility to decouple effectively interdomain dynamic affects and overall tumbling, leading to the WW3* domain displaying dynamic attributes that are essentially independent of the WW2 domain. The flexible, unstructured nature of this 40 residue linker is supported by the observation of intense resonances in the 2D 1 H-15 N HSQC spectra resonating at approximate random coil 1 H chemical shifts, which likely represent amide groups of residues in the linker (Fig. S2) .
The unfolded state population of the isolated WW3* domain decreases from~7% at 25°C tõ 2% at 5°C [16] . To ascertain the presence of chemical exchange processes at lower temperatures in tandem WW domains, 2D 1 H-15 N HSQC spectra at 5 and 15°C of the WW3*-WW4 tandem domain construct were recorded. Addition of the a-hENaC peptide caused line narrowing of the resonances arising from both WW domains, indicating that chemical exchange processes are quenched in each domain at these lower temperatures (Table S2) . Similar observations are observed for the isolated WW3* domain at 5°C (Table S2 ). In general, expected increases in linewidths are observed as the temperature decreases because of the increase in solvent viscosity. This trend is particularly evident for the WW3* and WW4 domains in complex with the a-hENaC peptide, but is less transparent for the corresponding apo-WW data, presumably because of the competing chemical exchange influences to the linewidths. Interestingly, the average differences in linewidths between the apo and peptide-bound states for the WW3* domain are larger at 5°C (Dυ H = 15.9 Hz and Dυ N = 6.6 Hz, where Dυ = υ apo À υ complex ) and 15°C (Dυ H = 14.2 Hz and Dυ N = 4.7 Hz) when compared with the corresponding values for WW4 (Dυ H = 4.4 Hz and Dυ N = 3.4 Hz (5°C); and Dυ H = 7.7 Hz and Dυ N = 3.8 Hz (15°C)), but this is not as apparent at 25°C (Table 1 and  Table S2 ). These differences in linewidths are not unexpected because WW4 is thermally more stable than WW3* with a melting transition midpoint (T m ) of~58°C [35] compared with~50°C for WW3* [16] , and thus the population of WW4 in the folded state is higher than that of WW3*. Previous studies showed broad melting transitions of tandem WW domains because the different T m values of the domain transitions gave rise to a melt profile that is even broader than the single domain profiles and these transitions cannot be described by a two-state model [36, 37] . We anticipate similar broad thermal denaturation profiles for the hNedd4-1 tandem WW domain constructs and accurate thermal denaturation analysis of the hNedd4-1 tandem WW domain constructs represents a future investigation. The 15 N R 2 values for residues in the WW3* of the WW3*-WW4 construct at 5°C show wider distributions and higher rates when compared with the corresponding R 2 values in the presence of the a-hENaC peptide (Fig. S9) . The magnitude and global spread of the R ex contributions to R 2 at 5°C suggests that a similar fold-unfold equilibrium exists for the WW3* domain in the context of the WW3*-WW4 construct at this temperature. This is supported by the strong correlation between the R 2 values of WW3* and the R 2 values determined for WW3*-WW4 (Fig. S10) . [19, 20, 39] , and this structural versatility of multi-WW domains to interact independently or as organized systems has contributed to their success in nature. However, the possible effect of such synergistic mechanisms to tandem WW domain dynamics has not been examined in detail and represents a future study. As mentioned, chemical exchange processes have been observed by NMR dynamic studies for other WW domains [17, 18] , and given their modest thermodynamic stability [37] , as seen for Nedd4-1 WW3*, it is conceivable that similar high gains in enthalpy upon peptide interaction compensate for entropic losses due to WW domain folding. Moreover, the fold-unfold equilibria may also be a feature that regulates affinities of WW domains toward their cognate ligands to facilitate switching of interactions in dynamic signaling networks. 
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